Objective: The aim of this study was to investigate the clinical and laboratorial factors associated with serum sodium variation during continuous renal replacement therapy and to assess whether the perfect admixture formula could predict 24-hour sodium variation.
INTRODUCTION
Continuous renal replacement therapy (CRRT) is a widely adopted supportive therapy that is used in critically ill patients. Although definitive indications for CRRT are controversial, its use should be strongly considered in specific situations, such as severe hemodynamic instability and brain edema. (1) (2) (3) In these situations, blood osmolality variation potentially causes serious adverse effects, which include disequilibrium syndrome, osmotic demyelination, brain edema and hypotension. (4, 5) The serum sodium concentration is a major determinant of blood osmolality, and its variation over time is extremely important. (6) A large 24-hour variation of the serum sodium concentration in the presence of either hyponatremia or hypernatremia is associated with encephalic derangements (brain edema or osmotic demyelination syndrome), and to avoid such derangements, a variation smaller than 8mEq/L is considered safe. (5, 7) In addition, citrate anticoagulation is the preferred method for filter protection during CRRT compared to heparin, (8) but its use may be associated with sodium variations that are often unpredictable. Currently, scheduled laboratory monitoring and fine tuning have been standard procedures to modulate serum electrolytes until achieving the stable target value. (9) Furthermore, there are no validated prediction rules to estimate sodium variation during CRRT with citrate as the filter protection method.
Thus, the primary objectives of this study were to investigate whether citrate anticoagulation is associated with large serum sodium variations over 24 hours and whether the perfect admixture formula could predict its variation. Secondary objectives were to assess the clinical and laboratorial factors associated with a large serum sodium variation and to additionally explore predictors of the resulting serum sodium concentration up to 24 hours of continuous renal replacement therapy.
METHODS
Continuous renal replacement therapy sessions were retrieved from two prospectively collected electronic databases from two hospitals (Hospital Sírio Libanês and Hospital das Clínicas da Faculdade de Medicina de São Paulo) located in São Paulo, Brazil. These data were reviewed from 2003 to 2012 in one hospital and from 2011 to 2012 in another hospital. A CRRT session was retrieved if the session had lasted for at least 24 hours and if the affluent fluid prescription was not modified during this time period. Two CRRT machines were used during this study, a Diapact ® CRRT (BBraun Laboratories, Melsungen, Germany) and Prismaflex ® System (Gambro, Lund, Sweden).
This study protocol followed the guidelines of the Declaration of Helsinki. The institutional review board of the hospital (Comissão para Análise de Projetos de Pesquisa -CAPPesq) reviewed and approved this study (CAPPesq protocol number 107443). The requirement for written informed consent was waived because there was no intervention; we used a database that assured patient confidentiality.
Clinical and laboratorial data were collected from the electronic records. When necessary, laboratorial data were retrieved from the electronic consulting system. Data are shown for the whole group (all CRRT sessions) and were categorized into two groups: The first group (Group 1) underwent CRRT sessions with 24 hours of serum sodium concentration variation ≥ |8|mEq/L; and the second group (Group 2) with 24 hours of serum sodium concentration variation < |8|mEq/L.
Continuous renal replacement therapy initiation and conduction
In both units, the CRRT prescription was individualized according to the patients' clinical situation. To enhance filter protection, 4% citrate was routinely used in one hospital, 2.2% acid citrate dextrose -formula A (ACD-A) was used in the other hospital, and both hospitals commonly used heparin and a normal saline lavage when necessary. Post-filtration and systemic ionized calcium and sodium activated the partial thromboplastin time (aPTT), and potassium, venous blood pH, bicarbonate and standard base excess (SBE) were routinely collected, as necessary, every six hours. The initial sodium affluent concentration prescription was based on the serum concentration, presence of brain edema and anticoagulant use. With the use of heparin or lavage, the sodium concentration was prescribed to equalize the targeted serum concentration. The electrolyte composition of the fluid replacement was identical to the dialysate in cases of continuous venous-venous hemodiafiltration (CVVHDF). When using 4% citrate and 2.2% ACD-A, sodium and bicarbonate concentrations were prescribed at 15 -20mEq/L and 5 -10mEq/L below the targeted serum concentration, respectively, because the 4% citrate solution contained 408mEq/L of sodium and the 2.2% ACD-A solution contained 224mEq/L of sodium.
Next, 4% citrate was initially prescribed at a flow rate of 40 -50 units below the blood flow (using different units, mL/hour to the 4% citrate flow and mL/minute to the blood flow). Furthermore, 2.2% ACD-A was initially prescribed at a rate of 1.5 times the blood flow. Elementary calcium was replaced at a rate of 1 -2mg/kg/hour using chloride or gluconate. The anticoagulants and elementary calcium infusion were then adjusted according to the collected aPTT or ionized calcium (systemic and/or post-filter) according to standardized protocols.
Serum sodium prediction after 24 hours
The perfect admixture formula, which was originally presented in this manuscript, takes into account that all of the components that pass through the filter have robust diffusibility and sieving properties, including 4% citrate (10) and 2.2% ACD-A. (11) Consequently, the serum sodium in the CRRT venous line consisted of the respective flow proportional admixture of the anticoagulant, affluent fluid and blood, which occurs in the filter and in the venous line ("mixing chamber"). This finding justifies the reduction in the affluent fluid sodium concentration during CRRT using 4% citrate (12) or 2.2% ACD-A (13) as an anticoagulant to achieve systemic equilibrium without hypernatremia. The 4% citrate and 2.2% ACD-A had a sodium concentration of 408mEq/L and 224mEq/L, respectively. Furthermore, the resultant venous line sodium concentration was tightly associated with the equilibrated systemic serum sodium concentration during CRRT. (14) Thus, we assumed that serum sodium after 24 hours resulted from the equilibrium of the proportional admixture of sodium derived from the affluent, blood and anticoagulant. Figure 1A shows the principle of the perfect sodium admixture among the cited components, in which the filter and venous circuit are a mixing chamber. Using this mixing chamber principle, we hypothesized that administration of the perfect admixture back into the patient will determine the final serum sodium concentration. The equilibrium process requires an unpredictable amount time, as shown in figure 1 B.
For each milliliter of blood passing through the filter, the perfect admixture principle can be mathematically written as follows (sodium units are mEq):
Sodium mass
Blood sodium (Bs) = Systemic serum sodium concentration * blood flow/1000
Affluent fluid sodium (As) = Affluent sodium concentration * dosage (in L/hour)/1000 * 60 Anticoagulant sodium (ACs) = Sodium concentration (408mEq/L of sodium for 4% citrate and 224mEq/L for the 2.2% ACD-A solution) * ACs flow (in mL/hour)/60
Diluents' volume
Blood volume (Bv) = Blood flow (mL/minute) Affluent volume (Av) = Dialysis dose (mL/hour)/60 Anticoagulant volume (ACv) = Anticoagulant flow (mL/hour)/60
The sodium inside the mixing chamber is:
[Na + ] = (Bs + As + ACs)/(Bv + Av + Acv) The Bs value is renewed after each cycle of serum sodium equilibrium, resulting in a non-linear variation of serum sodium until equilibrium, as shown in figure 1 A.
However, this sodium concentration will equilibrate in serum and re-enter the CRRT machine, leading to a new Bs value, and thus, a new value of equilibrium will be achieved until the final value is obtained.
Statistical analysis
Data were predominantly non-parametrically distributed (as tested using the Shapiro-Wilk goodnessof-fit model), and thus, they are presented as the median [25% -75%], except for the difference between observed and predicted sodium, which was shown as the mean and standard deviation. Comparisons between different groups were performed using the Mann-Whitney test, and comparisons of subjects of the same group over time were performed using the Friedman test. Post-hoc analyses were not performed because temporal tests are only used to demonstrate trends. A mixed linear model using the CRRT session as the random factor was used to investigate the independent association between SAPS 3 and initial serum sodium with the 24-hour serum sodium variation as the dependent variable because the aforementioned two variables were significantly different between groups at baseline. A Bland-Altman diagram was generated to demonstrate agreements between predicted sodium concentration at 24 hours using the perfect admixture formula and observed values at 24 hours. (15) The R-free source software was used to performed all of the statistical analyses and to generate graphs. (16) 
RESULTS
A total of 112 sessions of CRRT were reviewed, and 36 CRRT sessions on 33 patients were retrieved. Only continuous venous-venous hemofiltration (CVVH) and CVVHDF were prescribed. The general clinical data of the whole group are shown in table 1. Group 1 received 7 sessions (7 patients) and Group 2 received 29 sessions (26 patients). Table 2 shows the clinically and metabolically relevant data immediately before CRRT initiation, and the amount of serum sodium concentration variation during the 24-hour session was also analyzed. These two tables showed that the disease severity at ICU admission (disclosed by the SAPS 3 score) and initial serum sodium concentration were slightly different between Groups 1 and 2. The more severe the hypernatremia, the more intense the serum sodium variation. Multivariate analysis revealed that only the initial sodium was significantly related (beta coefficient = 0.429, p < 0.001) to the sodium variation during the first 24 hours of CRRT, while disease severity (SAPS 3) was not related (beta coefficient = -0.050, p = 0.615). Figure 2 shows the temporal behavior of serum sodium and chloride during the first 24 hours, and tables 3 and 4 show the same temporal range behavior of the other patients' relevant metabolic variables and CRRT data, At CRRT initiation, the prescribed affluent sodium was 2 [1 -6], 10[-25 -1], and 4 [-12 -8] mEq/L lower than the serum sodium in sessions that used heparin or lavage, 4% citrate and 2.2% ACD-A, respectively, to enhance filter protection. Figure 3A to C shows the difference between serum sodium at the end of 24 hours of the CRRT session and the affluent prescribed sodium concentration. Taking into account only CRRT sessions (28 sessions) that used Figure 4 shows the poor agreement between the observed serum sodium at the end of 24 hours of CRRT and the expected serum sodium calculated using the perfect admixture formula.
DISCUSSION
This study showed that in the CRRT sessions, serum sodium variations ≥ |8|mEq/L occurred more frequently in severely ill patients with hypernatremia at the time Hybrid replacement † 2 (7) 0 (0) 2 (9) 1.000
Pre-dilutional replacement 6 (100) 0 (0) 6 (100) 1.000 of CRRT initiation. The perfect admixture formula for sodium prediction is not accurate, and the use of 4% citrate or 2.2% ACD-A as anticoagulants was not associated with higher serum sodium variations. A large variation in serum sodium concentration during extracorporeal therapy is potentially dangerous to critically ill patients, mainly because a large osmolality variation is associated with hemodynamic instability (17) and encephalic water interstitial changes. (18) Thus, the main finding of this study supports that patients with hyperfnatremia at CRRT initiation are more prone to present dangerous serum sodium concentration variations within the first 24 hours of CRRT and should be monitored closely to avoid iatrogenic insults. Despite the recognition of pre-CRRT hypernatremia as a mortality predictor, (19) it is not consistently associated with serum sodium variations after CRRT initiation. (20) Furthermore, hypernatremic patients are more severely ill and present more organ dysfunction than non-hypernatremic patients, as demonstrated by other studies. (21) The use of citrate-related anticoagulants significantly enhances filter lifespan compared with unfractionated heparin. (22) However, the sodium load measured in citrate salts is very high, which can worsen the serum sodium prediction after CRRT initiation. The practice of prescribing affluent sodium lower than the serum sodium concentration when using citrate-related anticoagulants is frequent. (9, 23) In the present study, the sodium concentration in affluent solutions was 10mEq/L lower than the serum sodium concentration when using 4% citrate and 4mEq/L lower than he serum sodium concentration when using 2.2% ACD-A, a finding that enables the use of citrate-related anticoagulants without a significant effect in sodium variation over 24 hour observation period. However, the interpretation of these data regarding citrate and sodium variations must be taken into account as this study is underpowered to detect differences among the anticoagulant groups. In hypernatremic patients (serum sodium > 145mEq/L) who used 4% citrate or 2.2% ACD-A, the prescribed sodium in the affluent fluid was similar to the serum sodium of the patients (see the results section) to minimize the serum concentration reduction; however, the serum sodium concentration decrease during the first 24 hours of CRRT was approximately 9mEq/L, a finding that elicits concern when prescribing CRRT using any citrate formulation in hypernatremic patients. The mathematical prediction of the 24-hour serum sodium behavior using the perfect admixture formula presented in this manuscript is not suitable for bedside use because the agreement with observed serum sodium was poor. However, there are some hypotheses in response to these results. First, the equilibrium of electrolytes across membranes, as low weight molecules, is theoretically perfect; however, mass transfer can be affected by many other erratic factors; for instance, different charges in high weight organic molecules, which is also known as the Gibbs-Donnan effect. (24) Thus, sodium variation may be unpredictable during medium to long time periods of CRRT.
Another confounder when trying to predict sodium during extracorporeal therapies is the non-homogeneous mixing inside the circuit. It is hypothesized that approximately one meter inside the circuit, a given solution added to the blood can run in a different phase from the blood, passing through the filter as an independent solution, a finding that can lead to unpredictable filtration. (25) Third, in this model, the sieving coefficient of citrate was considered to be 1 for model simplification; however, this finding may not hold true because the sieving coefficient is actually approximately 0.9. This study has some limitations. First, the small sample size could potentially reduce the sensitivity of the analyses for relevant associations. Second, there were no patients with severe hyponatremia, and thus, this subgroup was not well evaluated. Third, the outcome measure (sodium variation ≥ 8mEq/L) might be too strict, and smaller variations could have occurred using citrate-based anticoagulation; however, we believe they are not very relevant to clinical practice. Fourth, this study represents the practice of only two centers, which might jeopardize external validity. Fifth, one may be concerned that there were no stepwise adjustments of the sodium concentration of dialysate/ replacement fluids during CRRT in hypernatremic patients in this population because according to the study inclusion criteria, patients were retrieved if the affluent fluid prescription was not modified for 24 hours; however the authors chose to do this so that the internal validity related to statistical analysis was not compromised. Sixth, the disease severity of patients was not very high and the dynamics among different body compartments in more severely ill patients could potentially modify the results presented in this study. 
CONCLUSIONS
Hypernatremia at the time of continuous renal replacement therapy initiation is an important factor that is associated with clinically significant serum sodium Objetivo: Investigar os fatores clínicos e laboratoriais associados com a variação dos níveis séricos de sódio durante terapia renal substitutiva contínua e avaliar se a fórmula de mixagem perfeita pode prever a variação do sódio nas 24 horas.
Métodos: A partir de uma base de dados coletada de forma prospectiva, recuperamos e analisamos os dados referentes a 36 sessões de terapia renal substitutiva realizadas em 33 pacientes, nas quais a prescrição de afluentes permaneceu inalterada durante as primeiras 24 horas. Aplicamos um modelo linear misto para investigar os fatores associados com grandes variações dos níveis séricos de sódio (≥ 8mEq/L) e geramos um gráfico de Bland-Altman para avaliar a concordância entre as variações previstas e observadas.
Resultados: Nas sessões de terapia renal substitutiva de 24 horas identificamos que SAPS 3 (p = 0,022) e hipernatremia basal (p = 0,023) foram preditores estatisticamente significantes de variações séricas do sódio ≥ 8mEq/L na análise univariada, porém apenas hipernatremia demonstrou uma associação independente (β = 0,429; p < 0,001). A fórmula de mixagem perfeita para previsão do nível de sódio após 24 horas demonstrou baixa concordância com os valores observados.
Conclusões: A presença de hipernatremia por ocasião do início da terapia renal substitutiva é um fator importante associado com variações clinicamente significativas dos níveis séricos de sódio. O uso de citrato 4% ou da fórmula A de ácido citrato dextrose 2,2% como anticoagulantes não se associou com variações mais acentuadas dos níveis séricos de sódio. Não foi viável desenvolver uma predição matemática da concentração do sódio após 24 horas.
RESUMO
Descritores: Terapia de substituição renal; Hemofiltração; Hemodiafiltração; Sódio; Cuidados críticos variations, and the intensivist should be aware of this finding when continuous renal replacement therapy is started. The use of 4% citrate or 2.2% acid citrate dextrose -formula A as anticoagulants is not associated with serum sodium variations ≥ 8mEq/L if the initial affluent fluid prescription considers its sodium content in advance. The use of a specific mathematical calculation could not predict the 24-hour sodium variation.
